Introduction.
screening tools with the potential to be formulated to an individual's requirements through inclusion of biopsy material. We have developed a 3D model of the mammary gland, combining cells of epithelial and stromal origin within defined engineered environments that can be adapted to this task, and can be utilised also for studies of normal mammary gland development 1 .
The mammary gland is a dynamic organ that undergoes a highly orchestrated process of cell death and tissue remodelling, known as post-lactational involution following the weaning of offspring. Involution results in progressive loss of milk-producing epithelial tissue and ECM degradation together with re-emergence of the adipose compartment. These processes are governed at a tissue level by numerous factors including LIF and OSM, members of the IL-6
family of cytokines that mediate gene expression primarily through members of the Stat family of transcription factors 2 . Indeed studies of JAK/Stat signalling deregulation in breast cancer have identified Stat3 as an important oncogene that adopts a constitutive mode of action in tumorigenic cells 3 . Furthermore, the microenvironment of the involuting gland is conducive to the development and metastatic progression of breast tumours 4 and has been linked to pregnancy-associated breast cancer 5, 6 .
Involution is marked by two defined phases, the first of which is reversible and triggered by milk stasis in the gland whilst the second commences with the expression of matrix metalloproteases (MMPs) 7 at approximately 48hrs involution in vivo. Interestingly it is not until this later phase in which there is gross destruction and remodelling of glandular tissue that the activation of classical apoptosis mechanisms become apparent. Our laboratory has previously shown that not only is cell death abated and involution delayed with the conditional deletion of Stat3 8 , but that involution precedes in the absence of executioner caspases and is accomplished by Stat3 controlled lysosomal-mediated programmed cell death 9 . Stat3 has been shown to regulate autophagy 10 in liver and in vitro, and first phase involution is accompanied by the induction of autophagy as determined by the appearance of LC3 puncta 11 . Moreover, involution is perturbed by ablation of the key regulator of autophagy Atg7. The link between Stat3 signalling and the control of autophagic mechanisms is particularly important considering that beclin1-mediated defective autophagy leads to increased tumorigenesis and increased p62, causing mitochondrial damage and the generation of reactive oxygen species 12 .
Post-lactational involution is analogous to a wound healing response involving complex epithelial-stromal cell interactions, the activation of elements of both innate and adaptive immune systems and expression of inflammatory cytokines and proteinases. The interdependence of multiple tissue types is critical for coordinated tissue remodelling, for example the degradation of basement membrane is driven by protease production originating from the fibroblastic component of the tissue 7 . Likewise, tissue resident and infiltrating bone marrow derived macrophages have been implicated in both post-natal mammary developmental and tissue remodelling processes 13, 14 . It is well established that a reduction in macrophage number leads to an impairment of ductal morphogenesis during pregnancy 15 while specific depletion in the involuting mammary gland leads to a reduction in both lysosomal-mediated and apoptotic cell death 14 . In addition mammary gland repopulating stem cells have a reduced ability to transplant in colony stimulating factor (CSF) depleted glands 16 .
Involution is associated with the polarization of macrophages away from a pro-inflammatory (M1) phenotype to an alternatively activated (M2) state, a phenotypic switch prevalent in a number of regenerating tissues 17, 18 , and recent work by our laboratory confirms that this polarization is Stat3 dependent and occurs within an infiltrating macrophage population from day 3 of involution 19 .
Recognising the potency of, and requirement for, more physiological mammary gland models, the susceptibility of the involuting gland to tumorigenesis and the wide-ranging role of Stat3 in multiple aspects of involution led us to adapt our pre-existing 3D mammary model to studies of involution. Here we report that our model system recapitulates many aspects of this process in vitro, displaying Stat3 mediated cell death mechanism and supporting the interaction of epithelial, adipocyte and immune cells consistent with the native gland. We anticipate that such models will become an important resource for studies of tumorigenesis and drug discovery in addition to basic biology.
Results and Discussion
Porous 3D collagen based scaffolds confer physiological relationships to seeded cells.
Involution involves co-ordinated cell death and tissue degradation, so any synthetic model must firstly support 3D physiological tissue formation with associated lumenogenesis and epithelial polarity. We demonstrated previously that porous freeze-dried collagen scaffolds supported growth of the KIM-2 mammary epithelial cell line to form bi-layered polarised ducts and acini 1 . We show here that formation of these structures is associated with expression of specific proteins only in 3D culture. We analysed protein expression in KIM-2 cells grown for 96hrs on tissue culture plastic, 2D collagen films and 3D porous scaffolds (Fig1a). Collagen films and scaffolds were fabricated in the same batch to ensure both 2D and 3D surfaces were biochemically constant. It was noted that the 32kDa form of aquaporin-5 (AQP5), a water transport molecule expressed at the apical domain of various polar epithelial tissues 20 , was solely expressed under 3D culture conditions as visualised by immunoblotting (Fig 1a) . This is likely to be the glycosylated form of AQP5 21, 22 as opposed to the lower molecular species present in all three culture conditions, and indicates that the 3D culture environment of our system confers functionality to in vitro cultured epithelial cells.
Glycosylation has been shown to be necessary for appropriate localization of aquaporin protein complexes to the plasma membrane of MDCK cells 23 .
Further experiments were conducted using the 3D freeze-dried, cross-linked collagen/hyaluronic acid scaffolds 24 supporting a co-culture of 3T3-L1 differentiated adipocytes together with KIM-2 cells, on the basis of previous data suggesting their support for mammary organoid formation favouring an alveolar-like phenotype 1 . Model setup involved the sequential seeding of 3T3-L1 cells, differentiated with adipogenic supplementation for a total of 2 weeks, prior to the introduction of KIM-2 cells (Fig 1b) .
Scaffolds were inoculated with both cell types at an initial seeding density of 1x10 6 cells/mL.
KIM-2 cells were allowed to establish in co-culture supplemented in maintenance media (+EGF 10ng/mL) for a further 3 days prior to lactogenic hormone differentiation with PRL, dexamethasone and insulin, for 2 weeks. At this stage KIM-2 cells formed intercommunicating, polar ductal and alveolar-like structures with multiple isolated and intercommunicating lumens that demonstrated apical expression of AQP5 and the tight junction marker ZO-1 (Fig 1c,d ). AQP5 is strongly expressed in virgin ducts 25 , but only weakly in lactational alveoli 26 and it is interesting to note varying expression levels between organoids in the present study, possibly indicating the presence of both alveolar-type and ductal-type organoids. These organoids were surrounded by basement membrane as demonstrated by the organization of laminin (Fig 1d) and fatty tissue as shown by perilipin staining (Fig 1e) .
KIM-2 cells undergo physiological involution-type signalling under 3T3-L1 co-culture conditions.
Our scheme for inducing an in vitro involution phenotype exploits the dependency of differentiated KIM-2 cells for prolactin (PRL) mediated survival signalling. Firstly we confirmed whether KIM-2 organoids regulate Stat3 and Stat5 phosphorylation in the same manner as the native gland, namely the downregulation or steady up-regulation of pStat5 and pStat3 respectively by removing PRL from the culture media (H/WD) 27 . Considering the close association of fatty and epithelial tissues in our model, we explored whether Stat signalling profiles were altered in the presence of adipose, using the 3T3-L1 pre-adipocyte cell model in 2D trans-well cultures. The re-emergence of adipocytes is a feature of involuting tissue while lipid promotes IL-6/TNF mediated activation of Stat3 in hepatocytes 28 and its utilization by the epithelium has been shown to sensitize these cells to programmed cell death mechanisms 29 .
In a similar manner to results previously demonstrated over shorter timescales 30 
Prolactin withdrawal results in KIM-2 organoid regression and Stat3-mediated cell death in the 3D model.
An involution phenotype was induced by H/WD for a total of 96hrs duration in 3D 3T3-L1/KIM-2 co-cultures. Additionally, a positive control for Stat3 mediated cell death, which occurs during involution, was provided by OSM treatment (25ng/mL) which activates Stat3 in mammary epithelial cells in vitro and in vivo 30, 9 . OSM was applied for the duration of the 96hr experimental involution period with media replenishment every 24hrs. Under conditions of H/WD, organoids underwent morphological changes becoming elongated and more discontinuous in nature (Fig 2a, d ). Systematic image analysis (Fig 2b, c) demonstrated a reduction in total lumen area and lumen frequency accompanied by an increase in organoid aspect ratio (Fig 2d) .
Immunohistochemical analysis revealed clear cell shedding into lumina in a similar manner to the gland in vivo (Fig 3a) although a proportion of cells also shed into the stromal space. The presence of shed cells within a patent lumen was confirmed by dual staining of AQP-5 and MFGE8. MFGE8 (Milk fat globule-EGF-factor 8/lactadherin) is a milk glycoprotein which has a critical role in mammary gland re-modelling during involution as it facilitates clearance of apoptotic cells 31 . In a similar manner cleaved caspase 3 (cc3) positive cells were observed within lumina, but also in the wall of epithelial structures as well as in the stromal space. The presence of cc3+ cells in the stromal space may reflect cell anoikis during scaffold seeding, or organoid formation failure in a subpopulation of structures resulting in partial polarity and basement membrane coverage at the basal margin.
The withdrawal or prolactin for a total of 96hr resulted in a progressive increase in phosphorylated Stat3 in the 3D coculture model, in a similar manner to 2D mono and cocultures (Fig 3b) . This was accompanied by a loss in β-casein expression that was more rapid We investigated cell death indicators further by scoring E-cadherin positive (ECAD+) cells for the apoptotic marker cc3, or p62 (sequestosome-1), an important molecule involved in recognising polyubiquitinated, aggregated and misfolded cargo proteins for incorporation into autophagic vesicles for trafficking to the lysosome and clearance in autophagolysosomes 34 .
The 96hr involution timecourse did not result in any significant fluctuation in the number of cc3+ apoptotic cells per ECAD+ organoid, although an increasing trend was evident over the 96hr period that was independent of OSM treatment (Fig 3c) . In order to assess whether apoptosis could be induced in this model, we withdrew serum in the presence of lactogenic hormones and observed an over 2-fold increase in the number of cc3 positive cells (Fig S3) .
In contrast, an analysis of autophagic flux revealed an increased cytoplasmic level of p62+ puncta in ECAD+ cells under H/WD at both 24hr and 96hrs (p<0.05) (Fig 3d) . We explored these responses further by disrupting autophagosome and lysosome fusion 35 by treating 24hr H/WD +/-OSM samples with the V 0 ATPase inhibitor Bafilomycin A 1 (Baf) .
Optimal Bafilomycin concentration was determined previously by staining KIM-2 cells with
LysoTracker ® Red dye and noting the minimal concentration required to inhibit acidification of the lysosomal compartment (50nM) (Fig S4) . Bafilomycinin treatment for 5hrs resulted in a notable increase in the frequency of p62 puncta, an effect that was amplified in the presence of OSM (Fig 3e) . Since OSM treatment resulted in a partial increase in the number of p62+ puncta compared to bafilomycin treatment, and the combined action of both mediators was synergistic, we can deduce that it is more likely that Stat3 activation increases cellular autophagic flux rather than blocking the resolution of autophagy.
The inflammatory phenotype of KIM-2 cells is modulated in the presence of macrophages when cultures under involution conditions.
Considering the influence of macrophages on glandular development coupled to their characteristic influx in the later stages of involution, it is reasonable to propose that their presence influences mammary epithelial phenotype. The porous nature of our 3D in vitro system is applicable to studies of this type, whereby differing cell types can be introduced to established cultures in 3D.
The monocyte/macrophage cell line RAW-264.7 was seeded at 10 5 cells/mL within a subset of 3D KIM2/3T3-L1 cultures, 24hrs prior to the withdrawal of PRL (Fig 4a) . This seeding density is comparable to macrophage abundance within the mammary gland, although levels are variable throughout the estrous cycle 36 . Macrophages seeded within this in vitro system became closely associated with epithelial organoids, visualized by confocal live-cell imaging (Fig 4b) . This close association of macrophages with alveoli of the lactating gland has been previously described, and is dependent on the expression of CSF-1 15 . The addition of a stromal component to our model system is advantageous in this respect, since expression of CSF-1 and to a lesser extent monocyte chemotactic protein-1 (MCP-1) are transiently upregulated over a 12 day 3T3-L1 adipogenic time course (Fig S5a) . Re-emmergence of adipose tissue is an important feature of involution and it is possible that this pattern of expression coincides with the infiltration of macrophages into the gland from 3 days in vivo. In addition, PPARγ, a critical adipogenesis regulator is a potent M2 inducible factor 37 .
We performed an immunohistochemical analysis of the M2/anti-inflammatory marker arginase-1 (ARG1) on sections of our involution model (Fig 4c) . ARG1/ECAD double positive cells increased in frequency with the withdrawal of PRL, indicating that KIM-2 switch their phenotype from differentiated milk-producing cells to express a marker of the M2 anti-inflammatory monocyte/macrophage lineage. Infiltrating macrophages undergo conversion to the M2 phenotype within involuting gland in vivo 19 and we confirmed the ability of RAW-264.7 cells to M2 conversion prior to co-culture analysis, exploring expression of ARG1 and YM-1 coupled to the down-regulation of the M1 marker iNOS under 10ng/mL IL-4 for 24hrs (Fig S5b) . In an earlier study IL-4 cytokine expression was shown to be up-regulated by lactogenic KIM2 cells 38 . Interestingly, in the presence of RAW cells, the
M2 phenotypic switch in KIM2 cells is negated from 48hrs H/WD onwards (p<0.05) (Fig4,d).
There is now a consensus that luminal mammary epithelial cells increase their expression of phagocytic markers including CD14 39 40,19 to allow for the uptake of shed cells and milk during involution prior to the influx of professional phagocytes. 
Conclusions.

This paper describes a complex in vitro
Image analysis and statistics
Whole organoid and associated lumen morphologies were traced using the freehand selection tool in image j software (fig2b). Organoid aspect ratios were calculated by image j, dividing long axis (l) and short axis (s) of best fitting ellipse (fig2 c) applied to organoid circumferences. All statistical analyses by a priori ANOVA and student T Test were performed using Excel data analysis toolpak (Microsoft, CA, USA).
Gene expression analysis.
Gene expression by PCR was carried out using standard procedures as previously described. Sequences for Cyclophilin, MMP 2,3 and 9 were validated and published previously 19 . All primers were obtained from Sigma-Aldrich.
